A segment of the facial vein of the rabbit gains myogenic tone when placed under tension in a tissue bath (Winquist and Bevan, 1977) ; low frequency electrical stimulation of intramural nerves, or application of norepinephrine or isoproterenol produces relaxation, which is blocked by propranolol (1.0 JUM). We measured membrane potential of single smooth muscle cells with microelectrodes during this /S-adrenergic receptor-mediated relaxation of the vein segment. Hyperpolarization (up to 30 mV) invariably accompanied relaxation. Average maximum resting potential recorded in normal Krebs solution was -46.8 ± 3.6 mV (mean ± SE); this increased to -70.8 ± 3.0 mV when high concentrations (>10 niu) of isoproterenol were added to the bath. Tone and membrane potential were very sensitive to intramural nerve stimulation. At 3-4 Hz, relaxation was about half maximal and hyperpolarization was 6-9 mV. The maximum hyperpolarization to nerve stimulation was 20-30 mV, about the same magnitude as that produced by isoproterenol. Hyperpolarization clearly preceded relaxation by about 0.2 second. The magnitude of hyperpolarization in facial vein is much larger (2-10 times or more) than that recorded in other tissues during inhibition produced by stimulation of /?-adrenergic receptors. The large hyperpolarization may augment the effectiveness of inhibition (by curtailing potential dependent influx of Ca ++ O , for example) in this tissue compared to that in other tissues in which hyperpolarization is slight or absent. The ionic mechanism underlying hyperpolarization resulting from stimulation of /?-adrenergic receptors remains unclear. (Circ Res 52: 465-470, 1983) 
MOST blood vessels constrict during stimulation of intramural nerves or upon exposure to such adrenergic agonists as norepinephrine and epinephrine. However, the arterial bed of skeletal muscle, some coronary arteries (Ross, 1976) , and several veins (Pegram et al., 1976; Cohen and Wiley, 1978; Nguyen Duong and Brecht, 1979) dilate in response to epinephrine. Dilation during exposure to epinephrine and norepinephrine has been recorded in many isolated arteries and veins and in a number of vascular beds following a-adrenergic receptor blockade, Lawson, 1966, 1969; Viveros et al., 1968; Somlyo and Somlyo, 1970; Shepherd and Vanhoutte, 1975) . /?-Adrenergic receptor blockade abolishes such dilation, and potentiates the a-receptor-mediated response (Glover and Hutchinson, 1965; Burks and Cooper, 1967; Lawson, 1966, 1969; Pitt et al., 1967; Ross and Kurrasch, 1969) . The smooth muscle relaxing influence mediated by activation of /?-adrenergic receptors may be a factor important throughout the vasculature in controlling blood flow and capacitance. Several studies suggest that a defect in /?-adrenergic receptor-mediated relaxation may contribute to the origin and/or maintenance of hypertension (Kato and Komata, 1969; Walsh et al., 1969; Triner et al., 1975; Cohen and Berkowitz, 1976; Bertel et al., 1980) . The present study examines the electrophysiological correlates of relaxation mediated by /3-adrenergic receptors in a preparation with especially favorable characteristics. Pegram et al. (1976) discovered a segment of the rabbit facial vein opposite the cheek muscle which relaxes in response to norepinephrine or transmural electrical stimulation of intramural nerves. These authors found that pretreatment with propranolol (10~6 M) converted the response to contraction. This vein segment gains tone spontaneously when placed under rest tension in the tissue bath (Winquist and Bevan, 1977) ; this tone is extremely sensitive to small changes in temperature (Winquist and Bevan, 1980) .
We have recorded the membrane potential of smooth muscle cells, using intracellular microelectrodes during relaxation mediated by yS-adrenergic receptors. Some of these results have been presented in preliminary form (Prehn and Bevan, 1977) .
Methods
Albino rabbits were stunned by a blow to the head and exsanguinated. The facial vein was removed by gross dissection without stretching and placed in Krebs solution (composition, nun: Na + , 144.2; K + , 4.9; Ca ++ , 1.6; Mg ++ , 1.2; CI~, 126.7; HCCV, 25.0; S O 4 " , 1.19; Na 2 EDTA, 0.024; glucose, 11.1) gassed with 95% O 2 -5% CO 2 , pH 7.4. Further dissection was done in Krebs solution under the dissection microscope to free the vein from connective and fatty tissue. The vein segment was allowed to equilibrate for at least 1 hour in the recording chamber before impalements were made.
For the initial experiments, a segment of the vein was stretched and pinned out, intimal side up, on the Sylgard (Dow Chemical Co.) floor of a tissue chamber mounted on an air table for isolation from vibration. This vessel has no internal elastic lamina (Pegram et ah, 1976) , so penetrations were made from the intimal surface through the single layer of thin endothelial cells. The microelectrode tip (3 M KC1 filled, 40-60 MS2 resistance; tip potential: -10 mV, or less) was hung from a chlorided silver wire connected to the electrometer probe (W-P Inst. M 701) carried by a pneumatic micromanipulator. The chamber was suffused with heated, oxygenated Krebs solution (composition above), and the temperature close to the tissue was monitored continuously (via a small thermister probe, Yellow Springs Instruments) and controlled (to within one-quarter degree of 37.0°C) by adjustments in the flow rate.
Initial penetrations were made in tissue pinned out, intimal side, up under unmeasured passive tension. Several impalements were made in normal Krebs, and then the suffusion solution was changed to Krebs containing isoproterenol (ISO), usually above the EDso for relaxation determined by Pegram et al. (1976) . In each solution, impalements were made until no higher resting potential could be recorded. This cycle could be repeated several times.
For the later experiments, a 4-mm segment of vein was everted, and a partially flattened stainless steel wire and a length of stainless steel tubing were placed within the vessel (Fig. 1 ). Care was taken at each step to avoid stretching this thin-walled tissue. The protruding ends of the flattened wire were pinned down horizontally to supports in the tissue bath. The tubing was connected to a force transducer, which was mounted on a manipulator so that rest tension could be applied to the segment. Segments were bathed in NaNC>2 (30 mM in Krebs) for 5-10 minutes and an initial force of 0.5 g-force was applied. NaNC>2 was added to the Krebs solution so that the vessel could be stretched in the absence of active tension. Various means of briefly suppressing active tension prior to stretching the vessel (low Ca ++ in bath, papaverine, lowering bath temperature as well as NaNCy do not appear to produce a change in ED50 to ISO. Within 1-5 minutes after washout of NOi^ with normal Krebs, the segment gained in tone to 0.5-1.2 g-force. Subsequent high frequency transmural nerve stimulation (TNS) or application of NO2 relaxed the segment well below the level of passive stretch applied initially, implying gradual stress relaxation. The electrode tip (30-50 Mfl) was hung as before, but was filled with 3 M KC1 acidified with HO to pH 2.0 (Okada and Inouye, 1976) , which almost completely abolished the tip potential. Microelectrodes pulled from capillary tubing incorporating a fiber for rapid filling (Omega-dot, Frederick Haer Co.) were also used; tip resistance was 50-80 Mfl when filled with 2.25 M KCI, and tip potentials were very small. Impalements made in tissue overlying the flattened surface of the internal wire could sometimes be maintained during the relaxation-contraction cycle of the vessel. Field electrodes permitted transmural stimulation of intramural nerves (TNS) when we used a pulse of just supramaximal voltage and of only 0.25 msec duration to avoid direct stimulation of smooth muscle. The reference electrode was a chlorided silver wire in a KCl-agar bridge positioned near the edge of the tissue on the side toward the chamber outflow. Electrometer and force transducer outputs were displayed on a dual trace oscilloscope (Tektronics 565), recorded on a Tandberg FM tape recorder, and photographed later.
In the initial experiments, impalements lasting only several seconds were accepted if a sharp potential change signaled both impalement and dislodgements, and if an apparent plateau was reached. With the later setup, the resting potential of impaled cells always stabilized after 5-10 seconds, and in cells recorded continuously for several minutes, the resting membrane potential was within a very few millivolts of this initial value.
Reference is made of some experiments in which only segment tension and not membrane potential was measured.
Statistics and curve fitting were done on the Hewlett-Packard 34c calculator using programs supplied.
Results

Steady State Hyperpolarization in the Presence of Isoproterenol (ISO)
A hyperpolarization was clearly evident upon exposure to ISO. Multiple impalements were made in Krebs alone and in Krebs containing ISO. Since lower values of membrane potential could result from faulty impalements, the maximum value recorded in each case is reported. Concentrations of ISO above that producing maximum relaxation (10 nM or above) were used; thus, membrane potential was recorded from cells maximally relaxed by /?-adrenergic receptor stimulation. The t-test for paired values in 12 tissues showed a significant hyperpolarization (P < 0.001). The average maximum resting potential in Krebs (mean ± SE) was -46.8 ± 3.6 mV, and the average maximum potential in the presence of ISO was -70.8 ± 0.3 mV. The average hyperpolarization was 24.0 ± 2.6 mV (n = 12). Lower concentrations of ISO in the 0.1-5.0 nM range also produced hyperpolarization, but the dose-response relation was not obtained due to technical limitations.
Hyperpolarization Produced by TNS
When the vein segment was mounted as shown in Figure 1 , within a few minutes after application of resting tension, the vessel segment gained tone, which was maintained for several hours, exclusive of periods of nerve stimulation. Developed tone is a function of applied stretch (Winquist and Bevan, 1977) , and an initial stretch of 0.3-0.5 g-force applied in the presence of NO2~, as described in Methods, generally resulted in active tension of 0.2-0.5 g-force. In the presence of tone, continuous stimulation of intramural nerves with field electrodes (TNS) produced a rapid, often biphasic relaxation of the vessel ring and hyperpolarization in impaled cells (Fig. 2) . A small wave of depolarization sometimes appeared at the beginning of stimulation. After the initial hyperpolarization, the cell usually depolarized a few millivolts for several seconds before returning to the maximum level of hyperpolarization. These relative depolarizations probably result from concurrent activation of a-adrenergic receptors (see Discussion).
The maximum level of hyperpolarization attained depended directly on the frequency of stimulation. An example of the relation between TNS frequency, hyperpolarization recorded in one cell, and relaxation of the ring segment is presented in Figure 3 . The
Hanging Microelectrode
Chlonded Silver Wire' Stainless Steel Tubing FIGURE 1. Sketch of the ring segment of the rabbit facial vein everted and mounted in the tissue bath for simultaneous recording of isometric force and membrane potential of single smooth muscle cells. The bath is suffused with physiological solution gassed with 95% O 2 -5% CO 2 and kept at 37 °C. The entire setup rides on an air table for vibration isolation, The microelectrode is lowered into cells via a remotely controlled hydraulic manipulator. TNS can be delivered, via a stimulus isolator, using the large field electrodes positioned above and below the tissue.
relation between hyperpolarization (in mV) and percent relaxation could be fitted by a log function of hyperpolarization with a coefficient of determination r 2 > 0.95 for five cells in four tissues, including the cell of Figure 3 . Thus, relaxation was about one-third maximum for hyperpolarization of only 4-5 mV, 50% of maximum at 6-9 mV, and over 80% by 10-20 mV. No junction potentials or changes in tension were detected in response to single shocks. A long lag time elapsed between the onset of TNS and the beginning of hyperpolarization and relaxation, and lag and TNS frequency were inversely correlated (r = 0.73 for hyperpolarization and 0.86 for relaxation, P < 0.001, 27 stimulations of nine tissues at seven frequencies, 3-60 Hz). Hyperpolarization clearly preceded relaxation, even though an initial small depolarization occurred, which could mask the true onset of the hyperpolarizing drive in the membrane. In the same 27 instances mentioned above, a definite hyperpolarization began after 0.86 ± 0.04 sec (mean ± SE), but relaxation did not start until 1.07 ± 0.05 sec, and these means are significantly different at P < 0.001 level. Considering only the 15 stimulations at 8 Hz or above, these lag times were 0.70 ± 0.05 sec and 0.95 ± 0.04 sec, respectively. However, time to reach half the final value of membrane potential or relaxation was not significantly different (2.29 ± 0.18 sec for hyperpolarization and 2.23 ± 0.11 sec for relaxation). Thus, the onset of hyperpolarization preceded relaxation by about 0.2-0.25 sec. After the end of a stimulus train, 1.0-1.5 sec elapsed before membrane potential and segment tension began to recover. The largest hyperpolarizations recorded in response to high frequency TNS were about the same magnitude as those recorded with high concentrations of ISO, 20-30 mV.
Rhythmic Activity
Several experimental manipulations produced low amplitude rhythmic oscillation in membrane potential and tension. During post-TNS recovery of a previ- ously quiescent segment, the depolarizing impaled cell often showed oscillation in membrane potential with no apparent oscillation in segment tone (Fig. 2) . These could be 20 mV in amplitude. When external KC1 concentration was increased to 4-6 times normal by the addition of KC1 to bath ([K + ] o = 19.6 -29.4 ITIM), small oscillations-about 0.5 Hz-in tension and membrane potential were produced (Fig. 4 ). TNS at low frequency (2-4 Hz) increased the amplitude and period of these waves (Fig. 4b) , while higher frequency TNS hyperpolarized the cell and abolished the waves in both tension and membrane potential (Fig. 4d ). After cessation of TNS, the waves reappeared, and were again increased in amplitude and period for a few seconds, gradually resuming the prestimulation pattern. The oscillation in membrane potential were in phase with those in the tension trace. In experiments in which membrane potential was not measured, waves in tension usually occurred upon return to Krebs solution after exposure to histamine in K + -free solution, in the presence of ouabain (2 X 10~6 M to 10 " 5 M) + ISO, or with TEA (10 urn). The amplitude of these waves could be up to 20% of the tissue maximum in depolarizing solution, implicating a high degree of synchrony and, hence, coupling between cells.
Discussion
The maximum hyperpolarization recorded using intracellular microelectrodes in the rabbit main pulmonary artery exposed to high concentrations of ISO (8.1 X 10~7 M) was 6 mV (Somlyo et al., 1972) ; in pregnant rat myometrial cells, 8-12 mV Marshall and Kroeger, 1973) ; and in guinea pig portal vein, 10-15 mV, von Loh, 1971 ). In the rabbit facial vein, a large hyperpolarization was evident during exposure of cells to high concentra-tions of ISO, as well as during high frequency stimulation of intramural nerves. Hyperpolarization was recorded in concentrations of ISO near or below the ED50 value for relaxation [about 0.86 run (Pegram et al., 1976) ], and detectable hyperpolarization always accompanied the small relaxation produced by low frequency (1-2 Hz) TNS. However, the possibility that very low concentrations of ISO (in the neighborhood of 0.1 nvi) might produce some relaxation without a change in membrane potential has not been ruled out. In general, activation of /?-adrenergic receptors leads to relaxation with little or no membrane hyperpolarization and tissues depolarized by high [K + ] can still be relaxed by ISO, although the concentration must be increased to produce a relaxation comparable to that produced in Krebs solution. However a powerful hyperpolarizing drive is activated in this tissue upon stimulation of intramural nerves; during high frequency TNS (8-16 Hz or greater) hyperpolarizations of 25-30 mV were recorded. The degree of relaxation was a function of the magnitude of the hyperpolarization (Fig. 3) which preceded relaxation. Since hyperpolarization may close voltagedependent Ca ++ channels, curtailing influx, and tone has been shown to depend on (Ca ++ ) o in this tissue (Winquist and Bevan, 1977) . It may be argued that the rapidity and high degree of relaxation seen in this tissue is made possible in part by the large hyperpolarization blocking influx of Ca ++ . Although ISO will relax a depolarized segment of facial vein (in which hyperpolarization is presumably blocked), normal tissue in which hyperpolarization always occurs, appears to be more sensitive (Prehn and Bevan, unpublished observations) . Of course, exposing tissue to elevated levels of KC1 does not specifically block hyperpolarization at resting membrane potential and level of tone, but instead produces depolarization, changes in ionic balance, and increased tone, which make it impossible to assess the role of hyperpolarization independent of these other factors. Whereas the evidence just cited might suggest a role for hyperpolarization in the relaxation responses of the facial vein, we have not demonstrated that this tissue is different from other tissues (e.g., gut) in which the small hyperpolarization is thought to be secondary to biochemical events.
Since responses of tissues to /?-adrenergic receptor activation have been associated with increased levels of cAMP, a few pilot experiments (12 vessel segments from four rabbits) were carried out using theophylline, an inhibitor of phosphodiesterase. Theophylline produced dose-dependent relaxation of segments with established tone: roughly 8% at 10" 5 M, 30% at 2 X 10~5 M, and almost complete relaxation at 10~4 M. If the new level of tone (in the presence of 1-2 X 10~5 M theophylline) was taken as 100%, the segments usually showed increased sensitivity to isoproterenol, the ED50 decreasing by widely varying amounts between 10% and 40%. The observed latency between the onset of nerve stimulation and the beginning of relaxation, which was about 1 second, is consistent with a biochemical link between /?-adrenergic receptor activation and relaxation in the form of increased cAMP level. Such increases have been seen in other tissues within such a time frame (Amer, 1977) .
The biphasic nature of responses to TNS may be accounted for by the presence of a-adrenergic receptors, since blockade of j8-adrenergic receptors by propranolol (1.0 JUM) converted the response to contraction and slight depolarization; blockade of a-adrenergic receptors by phentolamine (10 JUM) converted the tension change to TNS to monophasic relaxation (Prehn and Bevan, unpublished observations) .
Using intracellular microelectrodes, several investigators have recorded hyperpolarization in smooth muscle cells in response to ISO and have attempted to discover the ionic mechanism. Somlyo et al. (1970) recorded hyperpolarization in rabbit main pulmonary artery and concluded that stimulated electrogenic cation-pumping mediated by cAMP was the most probable mechanism (membrane resistance increased, ruling out an increase in potassium conductance). Daniel et al. (1970) , Marshall and Kroeger (1973) , and Kroeger and recorded hyperpolarization in rat uterine cells, and attempted to elucidate the mechanism. Daniel et al. eliminated increased K +conductance and implicated decreased Na + permeability, which, by lessening the depolarizing influence, would be reflected in a relative hyperpolarization of the membrane. The findings of Marshall and Kroeger tended to rule out electrogenic Na + pumping, but did support involvement of a metabolic componentelectrogenic calcium ion pumping-in addition to increased potassium permeability.
High membrane potentials (-90 mV) have been recorded in facial vein upon return to Krebs after exposure to K + -free solution (unpublished observation), signaling the presence of a powerful electrogenic Na-K exchange pump in the facial vein, as in other vascular tissues (Hendrickx and Casteels, 1974) . However, preliminary experiments indicate that the ability of this tissue to produce hyperpolarization and relaxation is not much affected by inhibition of the pump (Prehn and Bevan, unpublished observations). Thus, relaxation and hyperpolarization occur in this tissue when stimulation of Na-K-pumping is blocked; this is contrary to the hypothesis of Scheid et al. (1979) , which asserts that stimulation of Na-K transport is obligatory for /?-adrenergic receptor-mediated relaxation in smooth muscle. However, the rhythmic activity occurred in tissues returned to normal Krebs solution after being bathed in ouabain, K + -free solution, or TEA. Since these treatments either inhibit the pump, produce depolarization, or both, one would expect pumping to be stimulated upon return to normal Krebs, coincident with the onset of rhythmic activity.
The rhythmic activity observed in elevated potassium or post-TNS suggests that the facial vein smooth muscle cell membrane can show limited excitability under appropriate conditions. The existence of cellto-cell junctions is implicated, to account for the coordinated phasic behavior of the tissue. However, no regenerative electrical activity has been recorded in this tissue in the presence of tone, or during regaining of tone following a period of TNS (Prehn and Bevan, 1980) , although depolarization and, sometimes, a few cycles of membrane potential slow waves, were seen.
